. In situ synthesis of self-assembled three-dimensional graphene-magnetic palladium nanohybrids with dual-enzyme activity through one-pot strategy and its application in glucose probe. ACS Applied Materials and Interfaces, 7 (6) reproducible, stable and reusable. After ten times cycles, the catalytic activity was still higher than 90%, and the morphology and structure were basically unchanged. Based on its high peroxidase-like activity especially the enhanced affinity towards H 2 O 2 , a new colorimetric detection method for GSH and glucose has been designed using H 2 O 2 as intermediary, which provides a simple, sensitive and selective way to detect urine glucose of diabetes with a wide linear range and low detection limit.
INTRODUCTION Two-dimensional (2D) graphene sheets possess the combination of remarkable electrical, optical, thermal, and mechanical properties.
1-3 Moreover, the abundant functional groups on the surfaces of graphene oxide sheets also provide many favorable sites for anchoring the functional nanocomponents. 4 Hence, 2D graphene-based materials have shown great potential for many applications. However, the strong planar stacking of 2D graphene sheets by forming irreversible 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 agglomerates can lead to a drastic loss of active sites. [5] [6] Consequently, three-dimensional (3D) porous graphene-based nanohybrids, especially metal nanoparticles anchored 3D graphene structures, are highly desirable, not only for stability of graphene sheets but also for immobilization of other metal particles. Meanwhile, 3D graphene nanostructure can facilitate the mass transfer and maximize the accessibility to the catalyst surfaces. [7] [8] Owning to the high surface-to-volume ratio of 3D graphene and reduced agglomeration between nanomaterials, 9 its applicability was greatly enhanced in various aspects, such as transparent conductive thin films, [10] [11] anodes for lithium ion batteries, 12 supercapacitors, [13] [14] solar cells, 15 biomedical imaging 16 and electrochemical biosensor. 17 Among them, bi-metal especially noble metal doped graphene nanohybrids draw more attentions, because they possess higher catalytic activity 18 and some special properties. 19 Now, 3D graphene based bimetallic nanohybrids act as an increasingly important role in the field of science for maximizing the accessibility to the supporter surface and metallic catalytic activity. Therefore, the simple and efficient preparation strategy for the novel 3D graphene based bimetallic nanohybrids is highly desirable.
However, the reported methods for the preparation of 3D graphene structures are still limited, and most are compositions of graphene and substances, 20 such as carbon nanotubes 21 or polymers framework. 22 In addition, the reported preparation methods of 3D graphene-metal materials are complicated, especially for bimetallic anchored nanohybrids. [18] [19] Those processes are almost step-by-step, which is time consuming and complicated to perform. Meanwhile, some are achieved by using a large number of reducing agents (such as NaHSO 3 , Na 2 S, vitamin, hydrogen iodide, and hydroquinone), 23 which limits large-scale preparation due to the toxicity. Recently, many efforts have been made to fix the structure of the graphene network, such as developing a range of 3D graphene-based nanohybrids by spray drying, in situ spray pyrolysis or 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 hydrothermal techniques. [24] [25] Among them, hydrothermal method is commonly used and found easy to handle. Shi et al. 25 demonstrate that graphene hydrogels, composed of a randomly crosslinked 3D graphene sheets network could be easily formed when a high concentration of a GO dispersion is hydrothermally reduced without addition of any reducing agent. Subsequent researchers suggested that 3D graphene-metal structure could form by noble-metal-promoted self-assembly process, 8, 12 which proposed a new path for synthesize of 3D nanohybrids. These outstanding works have great inspiration for our current research. However, how to effectively inhibit the restacking and agglomeration of the GO sheets and simplify the preparation of nanohybrids with 3D structure without chemical or physical cross-linkers through one-step remains a challenge.
Given the problems above, we proposed the in-situ synthesis strategy of self-assembled 3D
reduced graphene oxide-magnetic-palladium nanohybrids (3DRGO_Fe 3 O 4 -Pd) by one-pot solvothermal reaction in ethylene glycol without addition of toxic reducing agent. In the process of preparation, 3D graphene sheets and partial magnetite were used as supporters for in-situ growth of palladium nanoparticles, and L-glutamic acid served as a linker between palladium and magnetite nanoparticles. 18 Compared to other in-situ or one-step methods, 12, [26] [27] [28] [29] [30] in addition to being eco-friendly, our method has several prominent advantages: (1) it is simple and easy to operate; (2) Fe 3 O 4 and Pd NPs have the small average size of 8-10 nm and uniformly distribute on 3DRGO sheets; (3) the nanohybrids was reproducible, stable and reusable. After ten times cycles, the catalytic activity was still higher than 90%, and the morphology and structure were basically unchanged; (4) 3DRGO_Fe 3 O 4 -Pd nanohybrids possess unique dual-enzyme activity and high affinity towards hydrogen peroxide (H 2 O 2 ). On the basis of these features, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5   develop a simple, high sensitive and selective colorimetric method for H 2 O 2 , GSH and urine glucose for the first time.
EXPERIMENTAL SECTION

Materials
In this work, graphite powder and 3,3′,5,5′-Tetramethylbenzidine (TMB) were purchased from Sigma-Aldrich. PdCl 2 was purchased from Shanghai Energy Chemicals Regent Co., Ltd.
(Shanghai, China Fructose, lactose and maltose were obtained from Shanghai Zhongqin Chemical Reagent
Company (Shanghai, China).
All chemicals were of analytical grade and were used as received without any further purification. Doubly distilled water was used throughout the work.
Instrumentation and characterization
A TU-1901 double beams UV-Vis spectrophotometer (Beijing Purkine General Instrument Co.
Ltd., China) was used to record absorption spectra and measure absorbance. A Hitachi-600 transmission electron microscope (TEM) and high-resolution transmission electron microscope (HRTEM) was used for measuring the morphologies of the nanohybrids and size of the nanoparticles. Scanning electron microscopy images (SEM) were acquired from a FieldEmission Scanning Electron Microscope (S4800, Japan). X-ray diffraction (XRD) pattern of nanohybrids was carried out on a Rigaku D/Max-2400 X-ray diffractometer with Cu Kα 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 radiation (λ=0.154056). Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet
Nexus 670 Perkin-Elmer spectrometer. The chemical state of the coating surface was analyzed using X-ray photoelectron spectroscopy (XPS, PerkinElmer PHI-5702 multi-functional photoelectron spectrometer). A LDJ9600 Lakeshore cryotronics 730 vibrating sample magnetometer (VSM) was used to research the magnetic property of nanohybrids. The specific surface area was measured using a multipoint Brunauer-Emmett-Teller (BET) technique (ASAP 2020, Micromeritics, USA), and the pore-size distribution was obtained using the Barrett-JoynerHalenda (BJH) method. Raman spectra were recorded on a Dilor LABRAM-1B multichannel confocal microspectrometer. Element determination was measured by a 4300 DV inductively coupled plasma-atomic emission spectrometry (ICP-AES). Electron spin resonance (ESR) spectra were acquired using a JES-FA200 electron spin resonance spectrometer. A CHI-660C electrochemical workstation (Shanghai, China) was used for the measurements of electrochemical dc polarization. Freeze drying was conducted on Scientz-12N vertical freeze drying machine.
Synthesis of graphene-based three-dimensional nanomaterials
GO was synthesized via an improved method. 31 The bimetallic loaded nanohybrids (3DRGO_Fe 3 O 4 -Pd) was synthesized according to the following procedure. The aqueous solutions of GO (10 mg mL -1 ), L-glutamic acid, FeCl 3 ·6H 2 O, and PdCl 2 (8.87 mg mL -1 ) were added stepwise into 15mL of ethylene glycol (EG) by ultrasonicassisted technology. Meanwhile, the pH value of the system was adjusted to 13.0 by adding NaOH solution dropwise under vigorous stirring, and continued to ultrasonic treatment for 0.5 h.
Subsequently, the mixed solution was proceeded by ultrasound for 2 h to obtain a homogeneous suspension. Upon completion, the suspension was transferred into a teflon-lined stainless-steel 
For glucose detection, the procedure was shown as follows: (1) The urine sample with diabetes, provided by a male volunteer from the First Affiliated
Hospital of Lanzhou University was first treated by centrifugation. The obtained supernatant was diluted 10 times with 5 mM phosphate buffer (pH 7.0). 100 µL of the diluted filtrate was used to detect glucose as the above procedure.
The detection procedures of H 2 O 2 and reduced glutathione (GSH) were provided in the supporting information.
RESULTS AND DISCUSSION
Characterization of 3DRGO_Fe 3 O 4 -Pd
Briefly, a facile one-pot solvothermal strategy was developed to fabricate the 3DRGO nanohybrids with in-situ formed Fe 3 O 4 and Pd nanoparticles (NPs) on it. The whole process was shown in Schematic 1. Firstly, L-glutamic acid was added into graphene solution, with the ultrasonic assisted, partly self-assembling of graphene occurred. Then with the addition of ferric chloride into ethylene glycol, 3D graphene structure was formed by a metal ion induced selfassembly process, 12 followed by mixing with palladium chloride. In alkaline environment (pH=13), ferrum and palladium existed as hydroxide in graphene solution. After thermal reduction in the ethylene glycol, further self-assembling of graphene occurred. Meanwhile, Fe 3 O 4 and Pd NPs were grown on 3DRGO, and a part of Pd NPs were also loaded on Fe 3 O 4 NPs using L-glutamic acid as linkers 18 . The effect of the molar ratio of Fe and Pd at 1:2, 1:1 and 2:1 respectively on morphology and distribution of nanoparticles on the 3DRGO was firstly examined, and finally 1:1 was chosen as the optimal ratio. were successfully anchored onto the 3DRGO sheets by one-pot solvothermal strategy, and their average diameter was about 8 to 10 nm ( Figure S2 ). Even after the ultrasonication for preparation of TEM sample, these nanoparticles were still firmly anchored onto the 3D graphene sheets. Figure 1D and Figure S3 show the HRTEM image of the nanoparticles anchored onto the 3DRGO sheets. Two kinds spacing of the lattice fringes could be observed clearly; these are: (1) 0.224 nm, which corresponds to the Pd (111) crystalline planes; 32 and (2) 0.300 nm, which is in Figure   2 ) and EDS results ( Figure S4 ) also reveal that Pd and Fe elements coexist on the 3DRGO
sheets, which are quite consistent with HRTEM analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Furthermore, X-ray photoelectron spectroscopy (XPS) measurement was also used to elucidate the composition and surface oxidation states of the as-prepared materials, as shown in Figure 4 .
The two peaks centered at 335.4 and 340.8 eV ( Figure 4B ) can be assigned to Pd 3d 5/2 and Pd 3d 3/2 , respectively, 34 indicating the presence of Pd in a metallic state almost without surface oxidation 35 . And the Fe 2p binding energies of 710.5 and 723.8 eV ( Figure 4C ) confirm the oxidation state of Fe 3 O 4 in the hybrid material. 36 The nanohybrids obtained after solvothermal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 reduction has a markedly decreased relative contribution of the C 1s components associated with oxygenated functional groups compared with the original GO ( Figure 4D and 4E). After the solvothermal reduction, the oxygen species of C-O-C (hydroxyl and epoxy, 286.8 eV) and C=O (carbonyl, 287.8 eV) of GO reduced significantly, indicating an efficient deoxygenation of GO partially occurred in the reaction. [37] [38] The major remaining species in 3DRGO_Fe 3 O 4 -Pd nanohybrids were C-C (284.6 eV) and C-OH (286.0 eV), these residual oxygen-containing functional groups could also capture metal ions for in-situ synthesis of metal nanoparticles on RGO sheets. Hence, Pd NPs can not only selectively deposit on magnetite, but also disperse on the RGO sheets corresponding to Figure S3 . To further prove the reduction of GO, the FTIR spectra were measured. As shown in Figure   3C , the peaks at 1739, 1400, and 1228 cm -1 are attributed to C=O, C-O, and -OH of the -COOH groups, respectively. Meanwhile, the bands at 580 cm of the reduction of GO. 40 Furthermore, compared to the pure GO, the shift of the peaks can be found for both D and G bands, indicating a significant charge transfer between the graphene nanosheets and the nanoparticles on them, 41 which is helpful for improving its catalytic performance. 7 The BET isotherm ( Figure S6 ) appears to be categorized as a type IV isotherm The hysteresis loop seems to be type B associated with slit-shaped pores, which makes sense due to the flake like structure of GO. 42 This was revealed in the low and high-resolution SEM images shown in Figure 1A 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 direct drying by heating leads to low values (<200 m 2 g -1 ). [44] [45] Moreover, this material has a centralized distribution of mesopore, and the adsorption average pore width is about 3.5 nm, identified from the pore distribution histogram of the insert in Figure S6 . Compared with other similar pure 3DRGO structure formed by cross-linker, 42 this materials show relatively narrow size distribution, primarily because of the following two reasons: one is that there are lots of nanoparticles loaded on the 3DRGO sheets, whose average diameter is about 8-10 nm, hence part of the holes was covered possibly; the other is that the monolithic materials were grinded into powder for BET measurement, which is bound to lose the bulk of macropores. However, the BET data could truly indicate the character of the materials in its following applications.
Magnetization curve of 3DRGO_Fe 3 O 4 -Pd ( Figure S7 ) shows no remanence or coercivity at room temperature (inset (b)), suggesting that the magnetic nanohybrids are superparamagnetic.
The saturation magnetization is 7.6 emu g -1 , and inset (a) demonstrates that it only takes several seconds to collect 3DRGO_Fe 3 O 4 -Pd from aqueous solution with a magnet, which makes it possible to realize separation of the catalyst from the mixed solutions.
Enzyme mimetic activity of 3DRGO_Fe 3 O 4 -Pd
Dual-enzyme activity
To demonstrate the enzyme mimetic activity of the 3DRGO_Fe 3 O 4 -Pd nanohybrids, the typical peroxidase substrate 3,3′,5,5′-tetramethylbenzidine (TMB) was chosen as the chromogenic substrate, which were shown in Figure 5A . Even without H 2 O 2 in the system, the material could still catalytically oxidize the TMB substrate to display light blue ( Figure 5A, curve b) . Namely, the 3DRGO_Fe 3 O 4 -Pd nanohybrids exhibited oxidase-like activity, 46 demonstrated by an electrochemical dc polarization method as shown in Figure 5B . Compared to bare electrode, the modified electrode presents a relatively negative balance potential and high current. This fact 48 We first confirm the ·OH formation by adding the terephthalic acid into the H 2 O 2 + 3DRGO_Fe 3 O 4 -Pd system, in which terephthalic acid could react with ·OH easily to form fluorescent 2-hydroxy terephthalic acid. 49 As shown in Figure 5C , it is clearly shown that the fluorescence intensity gradually increases as the dosage of the catalyst increases (curve a-e: 0, 0.03, 0.06, 0.09, and 0.12 mg·mL -1 3DRGO_Fe 3 O 4 -Pd), suggesting the increasing amount of generated ·OH. Electron spin resonance spectroscopy (ESR) is the most powerful and direct analytical method for quantification of short-lived radicals. 50 Figure 5D shows the spectra of 5,5- Even for their physical mixture (curve d), the catalytic capability reached the sum of two monometallic nanohybids, but was less than a quarter of the catalytic capability of 3DRGO_Fe 3 O 4 -Pd. This is probably due to the easy capture and immobilization for H 2 O 2 on the three-dimensional porous structure, and more importantly, the synergistic effect of Pd NPs and 18 Furthermore, the effect of the atomic ratio of Fe and Pd at 1:1, 1:2 and 2:1 on the catalytic activity of the nanohybrids was examined (see Figure S8) . Under keeping the total mass of three nanohybrids being the same, Fe 3 O 4 NPs is too few to act as good supporter
for Pd NPs at 1:2, and Pd NPs is too few to provide effective catalysis at 2:1. In a word, the amount of Pd NPs especially those deposited on magnetite is crucial to the catalytic activity of the nanohybrids. This is also a proof of the synergistic effect between metals loaded on support.
The dual-enzyme mimetic activity of 3DRGO_Fe 3 O 4 -Pd nanohybrids is displayed in Schematic S1: the peroxidase-like activity is much higher than oxidase-like activity.
Furthermore, the peroxidase-like character is exploited for H 2 O 2 , reduced glutathione (GSH) and glucose determination in the following applications.
Steady state kinetic assay of the peroxidase-like activity
Similar to HRP, the catalytic activity of 3DRGO_Fe 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 For further investigating the peroxidase-like catalytic mechanism, the apparent steady-state kinetic parameters for this reaction were determined. Typical Michaelis-Menten curves can be obtained for 3DRGO_Fe 3 Furthermore, the double reciprocal plots of velocity against the concentration of one substrate were also acquired. As can be seen in Figure S11C and D, the double-reciprocal plots revealed the characteristic parallel lines of a ping-pong mechanism.
57-58
3. The real application of the proposed method
The analysis performance
On the basis of the high affinity and catalytic activity of 3DRGO_Fe 3 O 4 -Pd nanohybrids to H 2 O 2 , a simple colorimetric method is developed to detect H 2 O 2 using TMB system. Figure 7A shows typical H 2 O 2 concentration-response curves under the optimum conditions. The linear range for H 2 O 2 is from 0.5 µM to 30 µM with the detection limits of detection (LODs) of 8.6×10 -8 M, which is comparative to and even more sensitive than other graphene-based nanohybrids (as shown in Table S2 ). Furthermore, this system was applied to the detection of the analytes which 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Table S3 ). The high sensitivity may be attributed to the presence of three dimensional structure and bimetal load in the nanohybrids, where there are lots of mesopores to capture H 2 O 2 and catalyze its decomposition easily. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The proposed one-pot solvothermal method for preparing 3DRGO_Fe 3 O 4 -Pd nanohybrids was simple, robust and reproducible. Seen from Table S4 , the reproducibility among six batches of the prepared nanohybrids is less than 3%. Even after one month of storage, above 90% catalytic activity of the 3DRGO_Fe 3 O 4 -Pd is maintained ( Figure S12) , showing their high stability during long-term storage. The reusability of the nanohybrids was also evaluated and shown in Figure 8 .
After ten times cycles, the catalytic activity was still higher than 90%, and the morphology and is the SAED pattern of the corresponding nanohybrids; and inset (D) is the partly enlarged view.
Detection of urine glucose
To demonstrate the feasibility of this proposed method for practical applications, the analysis of urine glucose of the diabetes was carried out. Prior to the sample test, the selectivity of this colorimetric method was first evaluated. Several kinds of interferences widely existing in human urine, including KCl, uric acid (UA), urea, and other similar sugars, such as fructose, lactose and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 maltose are tested. 59 As expected (seen in Figure 9A ), fructose, lactose and maltose gave negligible responses compared to glucose, and even the concentration (850 µM) of these interferences was much higher than that of glucose (85 µM). The high selectivity was attributed to the specific recognition of GOx. Furthermore, KCl and urea, 25-fold concentration higher than glucose, did not interfere with the detection of glucose. Uric acid (UA) as a reducing agent would consume H 2 O 2 and decrease the absorbance of the system if it had the same concentration as glucose ( Figure 9B ). However, after the 10 times dilution with phosphate buffer, the content of uric acid was largely decreased, and the molar ratio of glucose and uric acid in the urine of diabeteswas commonly higher than 1:1. 60-61 Therefore, the interference from uric acid was also negligible. These results indicate that our colorimetric method based on the nanohybrids catalyst shows high selectivity to glucose sensing against other coexisting disrupters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26
The nanohybrids and the GOx based colorimetric method was employed to detect glucose in diluted urine sample. The analytical results are summarized in Table S5 . It can be seen that the proposed colorimetric method exhibited exact recovery results (98.0-102.0%). The concentration of glucose in urine was determined as 6.8 mM (72.9 mg dL -1 ). The urine test is positive when the amount of glucose is more than 50-100 mg dL -1 . 61 Therefore, this colorimetric method is applicable to determine glucose in urine sample, and it can also be applied to detect other substances using hydrogen peroxide as media, which is important for biological and biomedical applications.
CONCLUSION
In summary, an in-situ synthesis method of 3DRGO_Fe 3 O 4 -Pd nanohybrids through one-pot was provided, which possess good stability and high catalytic activity. During the synthesis process, 3D graphene and partial magnetite are used as supporters for in-situ growing palladium
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